Extensive genetic variability, coupled with intense herbicide selection, resulted in evolution of resistance to several commonly used herbicides, including glyphosate in A. tuberculatus populations throughout the US (Nandula et al., 2013; Chatham et al., 2015a; Lorentz et al., 2014; Bell et al., 2013) .
N-(phosphonomethyl) Gly (glyphosate) is the most widely used herbicide around the globe (Duke and Powles, 2008; Dill et al., 2010; Brookes and Barfoot, 2014) , primarily because of its inherent safety and effectiveness in controlling weeds (Alibhai and Stallings, 2001; Pline-Srinc, 2006; Healy-Fried et al., 2007) . Glyphosate works by inhibiting the 5-enopyruvylshikimate-3-phosphate synthase (EPSPS) enzyme of the shikimate pathway, preventing the synthesis of the aromatic amino acids Tyr, Trp, and Phe, essential for plant growth Amrhein et al., 1980; Duke and Powles, 2008; Herrmann and Weaver, 1999) .
The known mechanisms of glyphosate resistance in weed species have been comprehensively reviewed by Sammons and Gaines (2014) . These mechanisms can be grouped into two broad categories: (1) non-target-site and (2) target-site based. Non-target-site resistance to glyphosate as a result of reduced translocation of glyphosate to the target site was reported in annual ryegrass (Lolium rigidum) and horseweed (Conyza canadensis; Lorraine-Colwill et al., Feng et al., 2004) . The reduced translocation likely is mediated by rapid sequestration of glyphosate into vacuoles (Ge et al., 2013) . The mechanisms that confer target-site resistance to glyphosate generally involve either point mutation(s) in the EPSPS gene, resulting in reduced binding affinity of EPSPS to glyphosate or amplification of the EPSPS gene. For example, target-site resistance to glyphosate as a result of mutations in the EPSPS gene resulting in amino acid substitution at Pro-106 or Thr-102 residues (corresponding to EPSPS sequence in Arabidopsis [Arabidopsis thaliana]) has been documented in glyphosate-resistant (GR) Eleusine indica (Baerson et al., 2002; Powles and Preston, 2006; Kaundun et al., 2008; Yu et al., 2015) , L. rigidum (Kaundun et al., 2011; Powles and Preston, 2006; Preston, 2006a, 2006b) , and A. tuberculatus (Nandula et al., 2013) . On the other hand, EPSPS gene amplification as a mechanism of glyphosate resistance was first reported by Gaines et al. (2010) in Amaranthus palmeri, a closely related species of A. tuberculatus, and later was also found in many other weeds, including Kochia scoparia (Wiersma et al., 2015) , A. tuberculatus (Lorentz et al., 2014; Chatham et al., 2015a) , A. spinosus (Nandula et al., 2013) , L. perenne ssp. multiflorum (Salas et al., 2012) , E. indica , and Bromus diandrus (Malone et al., 2016) .
In GR A. palmeri, massive increase in EPSPS copies (.100) relative to glyphosate-susceptible (GS) plants was reported (Gaines et al., 2010) . Furthermore, the physical mapping of EPSPS copies in A. palmeri revealed apparently random distribution of amplified EPSPS copies throughout the genome (Gaines et al., 2010) . In contrast, we recently illustrated a tandem arrangement of amplified copies of EPSPS in K. scoparia (Jugulam et al., 2014) , possibly, as a result of unequal recombination between two homologous chromosomes. However, such information is not available in other weed species that evolved resistance to glyphosate via EPSPS gene amplification. More importantly, although closely related, GR A. tuberculatus and A. palmeri were found to have considerable difference in the number of EPSPS copies amplified. While 10 to 100 EPSPS copies are common in GR A. palmeri (Gaines et al., 2010) , GR A. tuberculatus typically has 10 or fewer EPSPS copies (Chatham et al., 2015a (Chatham et al., , 2015b Lorentz et al., 2014) . Investigation of the distribution of EPSPS copies in the genome of A. tuberculatus will enable better understanding of the mechanisms of EPSPS amplification. Therefore, in this research, using known GS and GR A. tuberculatus populations from the state of Kansas in the US, we (1) determined the relationships between EPSPS copies, level of transcript gene expression, and resistance; and (2) characterized the chromosomal distribution of EPSPS copies in the genome.
RESULTS

Determination of EPSPS Copies and Transcript Expression, and Effect of Glyphosate on Shikimate Levels
Quantitative PCR (qPCR) was used to measure EPSPS genomic copy numbers in GR plants relative to a GS sample using acetolactate synthase (ALS) as the reference gene. In GS samples, EPSPS gene copy number ranged from 0.8 to 1; therefore, for simplicity, the values were made equal to 1 and the rest of the data from GR samples were normalized accordingly (Fig. 1) . A positive correlation between EPSPS copies and transcript expression was found (Fig. 2) , suggesting that the majority of the amplified copies of EPSPS gene are functional in GR A. tuberculatus. In sensitive plants, accumulation of shikimate occurs when EPSPS is inhibited by glyphosate treatment. Results of the shikimate assay showed significantly higher concentration of shikimate in GS compared to GR plants after glyphosate treatment (Fig. 3) . Furthermore, the shikimate accumulation negatively correlated with relative EPSPS gene copy number (Fig. 3) . Additionally, there was a positive correlation between the amount of shikimate accumulated and the dose of glyphosate used in all samples (Fig.  3) . Based on the relative genomic copies of EPSPS in GR A. tuberculatus and the transcript expression, plants were grouped as low with two to four EPSPS copies (LGR); moderate with four to eight copies (MGR); or highly resistant to glyphosate (HGR) with more than eight copies (Figs. 1 and 3).
Glyphosate Dose Response
Results of the whole-plant glyphosate dose response on clonally propagated A. tuberculatus showed 100% injury of susceptible plants and mortality at the low doses of glyphosate tested (Figs. 4 and 5A ). The clones of LGR (with two to four EPSPS copies) typically showed 100% injury at 0.1253 (Fig. 5B) . Clones of MGR (more than four and up to eight EPSPS copies) survived 23 glyphosate dose. (Fig. 5C) , and up to 43 glyphosate albeit with significant injury (Fig. 5C ). MGR clones were completely dead when 63 glyphosate dose was applied. However, clones of HGR (.8 EPSPS copies) withstood up to 63 glyphosate (Figs. 4 and 5D ). Overall, there was a decrease in susceptibility to glyphosate with an increase in EPSPS genomic copies. 
EPSPS Gene Sequencing
A point mutation resulting from the substitution of amino acid Pro at position 106 of EPSPS gene with Ala, Leu, Ser, or Thr has been found to reduce glyphosate binding at the target site, conferring low-level glyphosate resistance (Powles and Preston, 2006; Shaner et al., 2012; Sammons and Gaines, 2014) . Another mutation, at position 102 of the EPSPS gene, resulting in substitution of amino acid Thr with Ile, together with the Pro 106 Ser mutation, was reported recently in GR E. indica (Yu et al., 2015) . This double mutation imparted high-level resistance to glyphosate. The EPSPS gene sequence analyses of our GS and GR A. tuberculatus indicated no evidence of any point mutation(s) at 102 or 106 positions (Supplemental Fig. S1 ), suggesting that the EPSPS enzyme is sensitive to glyphosate in both GS and GR A. tuberculatus.
Chromosomal Location and Distribution of Amplified EPSPS Copies in A. tuberculatus
To investigate the location of amplified EPSPS gene copies on GR A. tuberculatus chromosomes, we used florescence in situ hybridization (FISH) on somatic metaphase chromosomes and interphase nuclei of plants with different levels of resistance to glyphosate. The 18S, 5.8S, and 26S rRNA genes are localized in the nucleolus organizing region (NOR; Gerlach and Bedbrook, 1979 ) and a probe for these genes labeled two pairs of homologous chromosomes (Fig. 6) . In GS plant, the EPSPS gene was detected at the pericentromeric regions of one pair of metacentric chromosomes without NOR sites. The interphase nuclei also showed one locus each on homologous chromosomes with the same signal intensity (Fig. 6A) . showing the relationship between shikimate concentration (main y axis), relative EPSPS:ALS genomic copy number (secondary y axis), upon treatment with various doses of glyphosate in GS and LGR, MGR, and HGR plants. The GS group of A. tuberculatus had an average of 1.01 EPSPS genomic copies. Whereas, the average number of EPSPS copies in LGR, MGR and HGR plants was 2.6, 5.8, and 10.69, respectively. Error bars represent mean 6 1 SE (n = 6).
In LGR and MGR plants with four and eight copies, respectively, brighter EPSPS signals were detected at the pericentromeric regions of one pair of metacentric chromosomes without NOR sites. In interphase nuclei the EPSPS probe detected clusters of closely located genes (Fig. 6 , B and C). Several plants were found to be heterozygous as the EPSPS signals on homologous chromosomes distinctly differed in brightness and size of the clusters in interphase nuclei (data not shown). More importantly, two HGR plants (with .15 EPSPS copies) showed the brightest EPSPS signals and these plants had 2n = 33 chromosomes. The EPSPS signals were located on one pair of metacentric chromosomes and multiple additional EPSPS signals were observed on an additional small chromosome (Fig. 6D) . The interphase nuclei also displayed two bright signals corresponding to the metacentric chromosomes (arrowheads in Fig. 6D ) and additional dispersed signals corresponding to the extra chromosome (arrow in Fig. 6D ). LGR with EPSPS copies = 2.9 (B); MGR with EPSPS copies = 5 (C); and HGR with EPSPS copies = 8 (D).
Molecular Marker Analysis
To test the hypothesis of origin of the chromosome with dispersed EPSPS gene copies through interspecific hybridization with A. palmeri, we analyzed the HGR plant that showed a small additional chromosome using molecular markers. Based on the EPSPS gene and mRNA sequences of A. palmeri and A. tuberculatus available in public databases, including EPSPS sequence from GR A. palmeri (Gaines et al., 2013) we selected A. palmeri specific primers AW 190 and AW155 amplifying a 697-bp fragment from EPSPS intron1 as reported earlier (Nandula et al., 2014) and developed two additional markers. PCR with primers M1a and M19 was expected to amplify 235-and 103-bp fragments from EPSPS exons 2 and 5, respectively, each with a single nucleotide polymorphism (SNP) between the two species. The sequence of A. palmeri contains a RsaI restriction site within the 235-bp fragment and a MspI site within the 103-bp fragment, both of which are absent in the A. tuberculatus EPSPS sequence. PCR products of expected lengths were amplified with primers M19 and M1a for all DNA samples, but only GR and GS A. palmeri PCR products showed restriction fragments of expected lengths after digestion. The A. palmeri specific 697-bp amplicon was obtained with primers AW90 and AW155 for A. palmeri DNA samples only (Fig. 7) . Thus, the molecular marker analysis did not detect the presence of A. palmeri EPSPS gene in HGR A. tuberculatus plant.
DISCUSSION
This study reports, for the first time to our knowledge, the physical mapping of the A. tuberculatus EPSPS gene at the pericentromeric region of a homologous pair of metacentric chromosomes and local amplification of a native EPSPS gene (Fig. 6 ). An additional smaller chromosome with multiple EPSPS FISH sites was detected in HGR plants. The data from a variety of experiments, including whole plant dose response, determination of EPSPS gene copies, and transcript expression, suggest a positive correlation between the level of glyphosate resistance and EPSPS copies and their expression (Figs. 2, 4 , and 5) and a negative correlation for shikimate accumulation and glyphosate resistance (Fig. 3) as seen in other GR weeds such as A. palmeri (Gaines et al., 2010; Mohseni-Moghadam et al., 2013) , K. scoparia (Wiersma et al., 2015) , and L. perenne spp. multiflorum (Salas et al., 2012) .
To withstand the field use rate (868 g ae/ha) of glyphosate, A. tuberculatus needs at least three or more (Chatham et al., 2015a (Chatham et al., , 2015b ) EPSPS copies, which is similar to what was reported in K. scoparia (Jugulam et al., 2014; Wiersma et al., 2015) . Although closely related, it appears that the number of EPSPS copies needed to survive the field rate of glyphosate is likely to be significantly different between A. tuberculatus and A. palmeri. A. palmeri appears to be inherently more sensitive to glyphosate than is A. tuberculatus (our own observation from several field trials). Therefore, it is possible that A. palmeri may need more EPSPS copies than does A. tuberculatus to confer the same level of resistance to glyphosate. Consequently, A. palmeri may require a more robust EPSPS amplification system for resistance than does A. tuberculatus.
The results of physical mapping of EPSPS copies in A. tuberculatus in this study suggest possible mechanism(s) contributing to the first event of EPSPS gene duplication resulting in the evolution of resistance to glyphosate. In GS and GR A. tuberculatus, we found the amplified EPSPS copies on one pair of homologous chromosomes (Fig. 6, A-C) , similar to what was seen previously in K. scoparia (Jugulam et al., 2014) . However, the localization of the gene clusters was different in two species: metaphase FISH in K. scoparia revealed presence of amplified EPSPS copies near the telomeric region of chromosomes, and arranged in tandem as illustrated by high resolution fiber-FISH (Jugulam et al., 2014) . Gene duplication because of unequal recombination between homologous chromosomes occurs in nature routinely (Eichler, 2008) . The distribution of recombination events is unequal along a chromosome, though the genome-wide patterns of recombination are available for only a few plant species. The telomeric regions have high recombination rates and, in contrast, the recombination is highly suppressed in pericentromeric regions (reviewed in Gaut et al., 2007) . This suggests a possible role of unequal crossing over as a mechanism for the origin of EPSPS gene duplication in K. scoparia. In A. tuberculatus, unlike K. scoparia, amplified EPSPS copy clusters were localized at the pericentromeric region on one pair of homologous chromosomes (Fig. 6) . Can the recombination resulting from unequal crossing over still be the initial driver of EPSPS gene amplification in A. tuberculatus? The suppression of recombination in pericentromeric regions depends on the proportion of heterochromatin, which varies among species (Gaut et al., 2007) . Nothing is known about proportion and distribution of heterochromatin along A. tuberculatus chromosomes. Considering the small size of chromosomes of A. tuberculatus, they may have low heterochromatin content. Furthermore, a hotspot for unequal homologous recombination in a centromeric region of rice was described in Ma and Bennetze (2006) . Although less likely, recombination is not impossible in pericentromeric regions. In particular, with high glyphosate selection pressure, unequal crossing over as a mechanism of the origin of EPSPS gene duplication in A. tuberculatus cannot be ruled out. Thus, it is conceivable that the EPSPS amplification initially may have originated as a result of unequal recombination between two homologous chromosomes resulting in the first gene duplication event. Additionally, chromosome rearrangement or centromere specific segmental duplication may have also contributed to the EPSPS gene duplication and, subsequently, the number of EPSPS copies may have increased. Extensive segmental duplications were detected at human, mouse, and rice pericentromeres (Thomas et al., 2003; She et al., 2004; Ma and Bennetzen, 2006) . Gaines et al. (2013) reported miniature invertedrepeat transposable elements next to EPSPS gene copies in GR (but not in GS) A. palmeri, suggesting that the EPSPS gene amplification may have been facilitated via DNA-transposon-mediated replication. The transposable elements (TEs) are mobile autonomous segments of DNA that often get inserted randomly in the genome and can potentially incorporate within functional genes (Fedoroff, 2012) . Pericentromeric regions of chromosomes are generally heterochromatin rich and are known to harbor clusters of satellite DNA sequences and TEs (Slotkin and Martienssen, 2007; Tamaru, 2010 ).
An additional chromosome with several dispersed EPSPS copies was present in two HGR A. tuberculatus plants (Fig. 6D) , which may suggest a different mechanism of EPSPS gene amplification. Interspecific hybridization between different amaranth species is possible (reviewed by Sellers et al., 2003; Ward et al., 2013) , and several cases of herbicide resistance transfer via gene flow were reported, including resistance to imazethapyr (an ALS inhibitor) was transferred from A. tuberculatus to A. palmeri, and glyphosate resistance was transferred from A. palmeri to other Amaranthus species including spiny amaranth (A. spinosus), smooth pigweed (A. hybridus) and A. tuberculatus (Wetzel et al., 1999; Gaines et al., 2012; Nandula et al., 2014) . A random distribution of amplified EPSPS copies throughout the chromosomes was reported for A. palmeri (Gaines et al., 2010) . We tested the hypothesis that the additional small chromosome with multiple EPSPS FISH sites were derived from A. palmeri via interspecific hybridization. However, molecular marker analysis did not detect A. palmeri EPSPS sequences in the HGR 2n = 33 A. tuberculatus, suggesting that the additional chromosome was not derived from A. palmeri (Fig. 7) . It is likely that this chromosome was originally derived from the chromosome pair that harbored the EPSPS genes in their pericentromeric regions. The mechanism of how these genes were excised, amplified, and stabilized in form of an extra chromosome added to the normal chromosome complement is unknown. However, the extra chromosome has many characteristics of accessory or B-chromosomes that may or may not be present in different accession, or individuals within one accession, of a species (for review, see Jones and Houben, 2003) . These chromosomes are assumed to be derived from normal or A chromosomes, do not pair and recombine with other chromosomes of the complement, usually do not harbor genes (except in some cases ribosomal genes), and often have developed drive mechanisms to ensure their preferential transmission to the offspring. Such an origin of extra chromosome was experimentally demonstrated in Plantago (Dhar et al., 2002) . Additional research is underway to analyze the origin of the extra chromosome harboring amplified EPSPS genes in A. tuberculatus.
Overall, the results of this research uncover, for the first time to our knowledge, the localization of amplified EPSPS gene copies on A. tuberculatus chromosomes. Future research directed toward investigation of flanking sequences, including breakpoints of the EPSPS amplicon, will shed light on the mechanism of such possibly recurrent rearrangement events in A. tuberculatus. Identification of a specific TE, and the role played by TEs in EPSPS gene duplication, are key areas for understanding the mechanism of GR.
MATERIALS AND METHODS
Characterization of GR in A. tuberculatus
Seeds of confirmed GR and known GS common waterhemp (Amaranthus tuberculatus) from Kansas were planted in 30 3 22 3 6-cm plastic trays filled with moisture-control potting soil (Scotts Miracle-Gro) and seedlings were grown in a greenhouse attached to Kansas State University. The greenhouse was maintained at 25/20°C (d/night) with a 15/9-h night photoperiod. Spraying Systems). Two weeks after glyphosate application, the survivors were transplanted to 11 3 11 3 12-cm plastic pots containing Miracle-Gro moisture control potting soil. All plants were watered and fertilized as needed. Leaf tissue (;100 mg) was harvested from the survivors of glyphosate treatment as well as untreated GS plants. The leaf tissue was flash-frozen in liquid nitrogen (2196°C) and then stored at 280°C until further use. Furthermore, untreated GS and the glyphosate survivors were also propagated vegetatively by nodal cuttings (described later) to perform a whole-plant dose response assay (described later).
qPCR to Determine EPSPS Copy Number
To determine the number of EPSPS copies in GS and GR A. tuberculatus, genomic DNA (gDNA) was extracted from frozen leaf tissue using a DNeasy Plant Mini Kit (Qiagen) following the manufacturer's instructions. The DNA concentration of each sample was quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). The relative EPSPS copy number was determined by qPCR on gDNA using ALS as a reference gene according to Gaines et al. (2010) . qPCR was conducted using a CFX-96 Touch (Bio-Rad). Primers sequences for both ALS (forward, 59-GCTGCTGAAGGCTACGCT-39; reverse, 59-GCGGGACTGAGTCAAGAAGTG-39; 118-bp product) and EPSPS (forward, 59-ATGTTGGACGCTCTCAGAACTCTTGGT-39; reverse, 59-TGAATTTCCTCCAGCAACGGCAA-39; 195-bp product) were as described by Gaines et al. (2010) . Quantitative PCR was performed using 96-well microtiter plate containing a master mix of 10 mL of iQ SYBR Green Super Mix (Bio-Rad), 2 mL each of forward and reverse primers (5 mM), 2 mL of gDNA (16 ng/mL), and 4 mL molecular grade water to a total reaction volume of 20 mL in each well. There were three technical replicates with each experiment, which was repeated. The following qPCR conditions were maintained: initial denaturing at 95°C for 15 min, followed by up to 40 cycles of denaturing at 95°C for 30 s, and then annealing and extension at 60°C for 1 min. Relative quantification of EPSPS was calculated as ΔCt = Ct ALS 2 Ct EPSPS and EPSPS copy number was expressed as 2
ΔCt . The 2 2ΔC T = relative gene copy (ΔC T method) was used to determine the copy number (Pfaffl, 2006) . The copy number was averaged across replications and the SD was calculated for each plant sample.
qPCR to Determine Relative EPSPS Transcript Expression EPSPS gene transcript level was quantified using qPCR in GS and GR A. tuberculatus relative to ALS as the reference gene as described above. Total RNA from frozen leaf tissue collected from new and actively growing 10-to 12-cmtall plants was extracted using RNeasy Plant Mini Kit (Qiagen) following the manufacturer's instructions. The quantity and quality (integrity) of total RNA were determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) and agarose gel (1%) electrophoresis. Total RNA was treated with DNase 1 enzyme (Thermo Fisher Scientific) to remove gDNA contamination. cDNA was synthesized from 1 mg of total RNA using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific) following the manufacturer's instructions. Concentration of the cDNA was then determined via a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). The qPCR procedure and quantification as described above was used to determine the relative fold increase in EPSPS gene expression.
Shikimate Assay
In sensitive plants, glyphosate inhibits the EPSPS enzyme, causing a reduction in aromatic amino acid synthesis and a buildup of shikimic acid or shikimate (Shaner et al., 2005) . Quantification of shikimate is routinely done to determine glyphosate resistance in plants. An in vivo shikimate accumulation assay as described by Shaner et al. (2005) was performed using GS and GR A. tuberculatus. Briefly, twelve 6-mm leaf discs were harvested from the youngest leaf of actively growing plants using a paper hole-punch. These discs were placed in 96-well microtiter plates containing 100, 250, or 500 mM glyphosate solution. The leaf discs were incubated under artificial light (200 mmol m 22 s 21 )
for 16 h. A shikimate standard curve was used (Shaner et al., 2005) to calculate the shikimate accumulation in ng shikimate mL 21 . The experiment was performed in triplicate and repeated.
Whole-Plant Glyphosate Dose Response Assay
Untreated GS and the survivors of GR A. tuberculatus (known EPSPS copy number) were clonally multiplied to perform whole-plant glyphosate dose response assay. Nodal cuttings of approximately 4 to 5 cm in size were selected, and the leaves and petioles were removed. The bottom of the nodal cutting was treated with Bontone rooting powder (Bonide Products) and placed in 6 3 6 3 5-cm plastic pots containing prewetted Miracle-Gro Moisture control potting soil. These pots were covered with a clear plastic dome to create a humid microenvironment to enable rooting. The clonal segments produced new shoots and roots 10 to 12 d after placing them under plastic domes in the greenhouse. At least three to five clones of each plant (8-10 cm tall) were treated with formulated glyphosate with 2% ammonium sulfate at 0, 0.625, 0.125, 0.25, 0.5, 1, 23, 43, or 63 doses (x = 868 g ae ha 21 glyphosate). Visual injury rating (0 = no injury to 100 = complete death of plant) was recorded at 1, 2, and 3 weeks after treatment. Data of visual injury rating were analyzed in SAS ver. 9.4 using PROC GLM (SAS Institute), and significant differences were obtained using LSD, least square means (LSMEANS), and contrasts. The experiment was repeated.
EPSPS Gene Sequencing
A portion of the EPSPS gene was sequenced from 30 different A. tuberculatus plants that were confirmed resistant to glyphosate to determine if any known amino acid substitution at 106 or 102 positions conferring glyphosate resistance are present in GR A. tuberculatus samples. A segment of EPSPS gene that encompasses the above positions was amplified by PCR using gDNA from GS and GR samples. Primers sequences (forward, reverse, were adopted from Varanasi et al. (2015) . These reactions comprised 12.5 mL 23 PCR master mix (Promega), 2.5 mL of both forward and reverse primers (5 mM), 5 mL gDNA (40 ng/mL), and 2.5 mL of nuclease free water (Promega), for a total reaction volume of 25 mL for each sample. The PCR was performed on a T100 Thermal Cycler (Bio-Rad), with the following conditions: initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 53.5°C for 45 s and final extension at 72°C for 7 min. PCR product was run on a 1% agarose gel stained with ethidium bromide and expected amplicon size was confirmed using a 100-bp DNA ladder (Bio-Rad). The PCR product was purified using a GeneJET PCR purification kit (Thermo Fisher Scientific) and was sequenced. The resulting nucleotide sequences were aligned using Multalin software (Corpet, 1988) .
Cytogenetic Analysis
FISH was performed to illustrate the distribution of EPSPS copies on chromosomes of A. tuberculatus. To prepare EPSPS FISH probe, the sequence of A. tuberculatus EPSPS mRNA (GenBank accession FJ869881) was used to develop the PCR primers (forward, 59-GCCAAGAAACAAAGCGAAAT-39; reverse, 59-TTTCAGCATCATAATTCATAACCC-39; product length 1,804 bp). Total RNA from leaf tissue of GS plants was extracted as described earlier. cDNA was synthesized from 1 mg of purified RNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) and PCR-amplified using the above primers. The RT-PCR conditions consisted of initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 53.5°C for 45 s, extension at 72°C for 2 min. Total reaction volume in each well was 50 mL, with 25 mL of PCR Master Mix (Promega), 5 mL each of forward and reverse primers (5 mM), 5 mL of cDNA (40 ng/mL) template, and 10 mL of nuclease free water (Promega). The expected amplicon (1,804 bp) was cut from 1% agarose gel, purified using a QIAquick GEL extraction kit (Qiagen), and reamplified using the same primers and protocol. PCR products were purified with PCR Purification kit (Invitrogen) and used to prepare the FISH probe. The amplified PCR fragment was verified by sequencing with the above primers.
Somatic chromosome preparations with drop technique, using direct nick translation probe labeling, and the FISH procedure were performed as described by Kato et al. (2004 Kato et al. ( , 2006 with minor modifications. Specifically, root tips were collected from young plants and treated in a nitrous oxide gas chamber for 2 h, fixed on ice in cold 90% acetic acid for 10 min, washed and stored in 70% ethanol at 220°C. For slide preparation, roots were washed in tap water for 10 min and then in KCl buffer for 5 min (75 mM KCl and 7.5 mM EDTA, pH 4); three to five meristems (0.5-1 mm long) were placed in 20 mL of 4% cellulase Onozuka R-10 (Yakult), 1% pectolyase Y23 (Karlan) in KCl buffer, and incubated for 50 min at 37°C. Digested root meristems were washed for 5 min in ice-cold Tris-EDTA buffer, pH 7.6, then three times in 100% ethanol. Meristems were dispersed with a needle in 10 to 15 mL of ice-cold acetic acid:methanol mix (9:1) and immediately dropped on to precleaned glass slides placed in a humid chamber. Dried preparations were UV cross-linked, soaked in methacarn solution (methanol: chloroform:glacial acetic acid at 6:3:1) for 2 min, dried, and used for hybridization on the same day. For labeling the NOR rRNA loci, clone pTa71, containing a 9-kb insertion with 18S, 5.8S, and 26S rRNA wheat genes (Gerlach and Bedbrook, 1979 ) was used as a probe. Five micorliters of probe mixture contained 200 ng of EPSPS PCR product labeled with TX red-5-dCTP and 60 ng of pTa71 labeled with Fluorescein-12-dUTP (Perkin-Elmer). The mixture of probes and the slide preparation were denatured at 100°C separately. The rest of the FISH procedure and the washes were the same as described by Kato et al. (2006) . Chromosome preparations were mounted and counterstained with 4',6-diamidino-2-phenylindole solution (DAPI) in Vectashield (Vector Laboratories). FISH images were captured with an AxioPlan 2 microscope using a cooled CCD camera CoolSNAP HQ2 (Photometrics) and AxioVision 4.8 software (Carl Zeiss). The images were processed using Adobe Photoshop CS5 software (Adobe Systems). To show the chromosome shape, the DAPI-stained chromosome images were converted to black-and-white mode and overlaid with the signal images.
Molecular Marker Analysis
Genomic DNA from GR and GS plants of A. palmeri was extracted as described above for A. tuberculatus for quantifying EPSPS gene copy number. The genomic DNA of GS, GR A. palmeri as well as GS, MGR, and HGR A. tuberculatus was used in this analysis. PCR conditions for primers AW190 and AW155 were as suggested by Nandula et al. (2014) . To develop additional markers we analyzed sequences of EPSPS gene and mRNAs from several accessions of A. palmeri and A. tuberculatus (NCBI accession numbers JX564536, FJ861242, FJ861243, FJ869880, FJ869881, and AY545657) and found SNPs in exons 2 and 5, detectable by restriction enzymes RsaI and MspI. PCR for primers M1a (forward, CAACAGTGGTCGACAACTTGCTGTA; reverse, TTTCCTCCAGCAACGGCAAC) and M19 (forward, CTCCTGGAAAGGCA-TATGTT; reverse, GTTCCACAACCCTTGACA) included initial denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 min; and final extension at 72°C for 5 min. The 25 mL of PCR reaction mixture contained 23 PCR Master Mix (Promega), 0.5 mM each forward and reverse primer, 50 to 100 ng of genomic DNA. Primers were synthesized by Integrated DNA Technologies. Five microliters of a restriction enzyme mixture containing 2.55 mL of water, 2.0 mL of NEB buffer, 0.2 mL of 1003 BSA, and 0.25 mL of an enzyme stock solution was added to 15 mL of PCR products and incubated overnight at 37°C. The restricted PCR products were resolved on 2% agarose gels in 13 TAE and visualized by ethidium bromide staining under ultraviolet light.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Segment of the A. tuberculatus EPSPS gene spanning the amino acid residues, at Thr-102 and Pro-106 in GS and GR plants.
